Abstract: Tetrabromobisphenol-A (TBBPA) is a pollutant which has a devastating impact on our environment and should be removed from earth. This research aims to evaluate the aerobic and anaerobic TBBPA degradation and bacterial community changes in mangrove sediments. TBBPA degradation in the sediments was enhanced with a microcapsuled enzyme extract of spent mushroom compost (MC) under aerobic conditions and with zerovalent iron under anaerobic conditions. The TBBPA aerobic or anaerobic degradation rates were enhanced for three time additions. Four bacterial genera (Bacillus, Erythrobacter, Pseudomonas, Rhodococcus) were associated with TBBPA aerobic degradation; and four other bacterial genera (Desulfovibrio, Pseudomonas, Sphaerochaeta, Sphingomonas) were associated with TBBPA anaerobic degradation in the sediment. Moreover, nine methanogens were identified under anaerobic conditions that might also be involved in TBBPA anaerobic degradation in the sediment. Our results demonstrate two feasible methods toward TBBPA bioremediation for mangrove sediments under aerobic and anaerobic conditions.
Introduction
Mangrove swamps are found in tropical and subtropical tidal regions including estuaries and marine shorelines. Accumulation of a spectrum of anthropogenic pollutants derived from both fresh water river and seawater at these wetlands was found [1] . Halogenated organic compounds, such as tetrabromobisphenol A (TBBPA) are the persistent, ubiquitous, and toxic pollutants in mangrove sediments [2, 3] . TBBPA is widely used to make brominated flame retardant in the world. Due to its low water solubility, TBBPA readily attaches onto particles and organic matter in sediments [4] . The toxicity of tetrabromobisphenol A (TBBPA) was subject to study which was concluded with little concern. The low toxicity of TBBPA may be due to low bioavailability [5] . However, TBBPA can interfere with endocrine system, affect metabolism and cause serious health consequences [6] . It is very urgent to explore efficient techniques for TBBPA removal from the environment. Treatments of organic chemicals such as sorption and chemical oxidation show high efficiencies. Advanced treatments such as ozonation and photochemical treatment use less chemicals but have high energy costs. Biological treatments are environmentally-friendly. However, it cannot treat high concentration chemicals. Different remediation techniques for pollutants have advantages and disadvantages [7] .
Biodegradation is an effective strategy to remove organic pollutants from sediments. The microbial degradation of the organic contaminants depends on the availability of molecular oxygen in the sediment. Anaerobic reductive dehalogenation is an important mechanism for degradation of halogenated organic compounds [8] . TBBPA has shown to be degraded in anaerobic and aerobic conditions [9] [10] [11] [12] [13] . TBBPA is susceptible to microbial debromination in estuarine sediments [14] . Anaerobic degradation of TBBPA was enhanced by the addition of humic acid, sodium chloride, vitamin B 12 , and zerovalent iron which exhibited the highest efficient for anaerobic degradation of TBBPA in the sediment [12] . Spent mushroom compost (SMC) is a source of fungal ligninolytic enzymes. The addition of microcapsuled enzyme extract of SMC (MC) has been used to enhance organic pollutant degradation [15] . The degradation of sulfonamides and tetracyclines with MC was reported under aerobic conditions in the sediment [16, 17] .
Next-generation sequencing could help revolutionize our research on microbial diversity of environmental samples [18] . We need to know more about the microbial communities involved in the degradation of TBBPA in the sediments. This study is to examine degradation of TBBPA in mangrove sediments with MC and zerovalent iron under aerobic and anaerobic conditions, respectively. The microbial communities involved in aerobic and anaerobic degradation of TBBPA in the mangrove sediments were revealed.
Material and Methods

Sample Collection and Culture Medium
Sediment samples were collected from the Guandu and the Bali sampling site at Tamsui, northern Taiwan. Surface sediments (0-5 cm) and deep sediments (5-20 cm) during two different seasons: autumn and spring were collected. The TBBPA concentrations in sediment samples from the Guandu sampling site were spring (0.10 mg/kg) vs autumn (0.22 mg/kg), and for Bali it was spring (0.14 mg/kg) vs. autumn (0.10 mg/kg). The aerobic and anaerobic medium used in experiments were shown in Table 1 . 
Preparation of the Microcapsuled Enzyme Extract of Spent Mushroom Compost
SMC of Pleurotus eryngii was taken from a mushroom culture farm at Nantou, Taiwan. The microcapsuled enzyme extract of SMC was prepared as described in previous study [15] .
Experimental Design
Two sets experiments (batch and continuous) under aerobic and anaerobic conditions were performed. In the batch experiment, aerobic experiments were performed using 125 mL serum bottles with the following components: 40 mL of medium, 5 g of sediment, 5 mL of the MC, and 2 mg/L TBBPA and incubated on a rotary shaker (120 rpm) at 25 • C in dark. Anaerobic experiments were performed using the same bottle containing 45 mL of medium, 5 g of sediment, 1 g/L zerovalent iron, and 2 mg/L TBBPA and conducted in an anaerobic glove box; capped with butyl rubber stoppers and crimp seals, wrapped in aluminum foil, and then incubated without shaking at 25 • C. Inoculated controls containing 45 mL of medium, 5 g of sediment, and 2 mg/L TBBPA were incubated without the MC or zerovalent iron at 25 • C. Sterile controls containing 45 mL of medium and 5 g of sediment were autoclaved at 121 • C for 30 min. Each experiment was repeated three times.
For the continuous experiments, Bali spring sediment samples were used by adding three times of 2 mg/L TBBPA into it under aerobic or anaerobic conditions. Aerobic settings were filled with 450 mL of aerobic medium, and 50 g of sediment or 400 mL of aerobic medium, 50 mL of the MC, and 50 g of sediment. Anaerobic settings were filled with 450 mL of anaerobic medium, and 50 g of sediment, with or without 1 g/L zerovalent iron. TBBPA was re-added into each medium when TBBPA was dropped to undetectable level. The aerobic continuous experiments were aerated by air diffuser and the mixtures were stirred. The anaerobic continuous experiments were not aerated by air diffuser and incubated without shaking. The continuous experiments were incubated at 25 • C during a period of 75 d.
Chemical Analysis
TBBPA was extracted twice from experimental samples by dichloromethane. Residual TBBPA was further analyzed by GC (Hewlett Packard 6890) equipped with an electron capture detector and HP-5 capillary column. Bromide was monitored by ion chromatograms (Metrohm 833). TBBPA remaining percentage was calculated by the formula (residual TBBPA concentration/initial TBBPA concentration) × 100%. The TBBPA degradation data in this study were statistically analysed, and the coefficient of determination (R 2 ) was 0.911 to 0.979, which fits the first-order kinetics.
Microbial Community Analysis
The DNA extraction and pyrosequencing analyses were conducted as previously described [17] . These analyses were performed during March 2018. A cluster analysis of the bacterial community compositions between the samples was performed using the heatmap3 package of R 3.5.1 (www.r-project.org). Balloon plots of the bacterial community were plotted by the balloon plot function in the gplots package of R. The principal component analysis of the bacterial community between samples was computed by the PCA function and plotted by the fviz_pca_ind function in the FactoMineR package of R.
Results and Discussion
The remaining percentages of TBBPA in the sterile controls were ranged from 90.8 to 97.9% indicated that aerobic and anaerobic TBBPA degradation occurring in all of the following experiments was due to microbial action.
Batch Experiments of TBBPA Degradation under Aerobic Conditions
As shown in Figure 1 , the degradation half-lives of TBBPA without the MC in the spring and autumn were 73.3 and 90.9 d in the Guandu sediment samples and 34.7 and 51.6 d in the Bali sediment samples, respectively. The aerobic degradation half-lives of TBBPA with the MC in the spring and autumn were 29.1 and 34.2 d in the Guandu sediment samples and 14.7 and 25.5 d in the Bali sediment samples, respectively. The degradation rates of the TBBPA were higher in the Bali sediment samples than the Guandu sediment samples, and it is also higher in the spring sediment samples compared with autumn sediment samples. The TBBPA degradation was enhanced with the MC in the sediment samples. The alginate microcapsules created a favorable microenvironment for the enzyme extract. Similar results were revealed in our previous study, which showed that the addition of the MC enhanced the degradation rates of nonylphenol in wastewater sludge [15] .
To reveal the microbial community in aerobic conditions, experimental samples using the Bali spring sediment samples were subjected to 16S rRNA gene sequencing. As shown in Figure 2A ,B, the diversity of the bacterial community in aerobic conditions decreased after the addition of TBBPA. Moreover, the composition of the bacterial community became similar as experiments proceeded (Mc2 and nMc2 in Figure 2C ). As shown in Figure 2D , Gammaproteobacteria dramatically decreased and Alphaproteobacteria, Sphingobacteria, and Flavobacteria increased after addition of TBBPA for 45 days without addition of MC. The observation that the microbial community composition of nMc1 is much different from Mc1 reflected the enhancement of MC on TBBPA degradation within 45 days shown in Figure 1 . As the remaining percentage of TBBPA decreased, the microbial community composition of nMc2 and Mc2 became similar. Moreover, results in Figure 2D indicated that the adapted microbial community after the addition of TBBPA and most of the TBBPA-degrading bacteria may belong to this class. This finding is consistent with Yang et al. (2018) [17] that adaptation occurred after the addition of sulfonamides to mangrove sediments. The microbial communities associated with sulfonamides degradation grew and became the major bacterial populations. To reveal the microbial community in aerobic conditions, experimental samples using the Bali spring sediment samples were subjected to 16S rRNA gene sequencing. As shown in Figure 2A and 2B, the diversity of the bacterial community in aerobic conditions decreased after the addition of TBBPA. Moreover, the composition of the bacterial community became similar as experiments proceeded (Mc2 and nMc2 in Figure 2C ). As shown in Figure 2D , Gammaproteobacteria dramatically decreased and Alphaproteobacteria, Sphingobacteria, and Flavobacteria increased after addition of TBBPA for 45 days without addition of MC. The observation that the microbial community composition of nMc1 is much different from Mc1 reflected the enhancement of MC on TBBPA degradation within 45 days shown in Figure 1 . As the remaining percentage of TBBPA decreased, the microbial community composition of nMc2 and Mc2 became similar. Moreover, results in Figure 2D indicated that the adapted microbial community after the addition of TBBPA and most of the TBBPAdegrading bacteria may belong to this class. This finding is consistent with Yang et al. (2018) [17] that adaptation occurred after the addition of sulfonamides to mangrove sediments. The microbial communities associated with sulfonamides degradation grew and became the major bacterial populations. 
Batch Experiments of TBBPA Degradation under Anaerobic Conditions
As shown in Figure 3 , the anaerobic degradation half-lives of TBBPA without zerovalent iron in the spring and autumn were 41.1 and 65.4 d in the Guandu sediments and 31.4 and 42.9 d in the Bali sediments, respectively. The anaerobic degradation half-lives of TBBPA with zerovalent iron in the spring and autumn were 22.1 and 31.8 d in the Guandu sediments and 9.7 and 14.4 d in the Bali sediments, respectively. The TBBPA degradation was enhanced by zerovalent iron in the sediments. The addition of zerovalent iron could reduce TBBPA to less brominated compounds by the actions 
As shown in Figure 3 , the anaerobic degradation half-lives of TBBPA without zerovalent iron in the spring and autumn were 41.1 and 65.4 d in the Guandu sediments and 31.4 and 42.9 d in the Bali sediments, respectively. The anaerobic degradation half-lives of TBBPA with zerovalent iron in the spring and autumn were 22.1 and 31.8 d in the Guandu sediments and 9.7 and 14.4 d in the Bali sediments, respectively. The TBBPA degradation was enhanced by zerovalent iron in the sediments. The addition of zerovalent iron could reduce TBBPA to less brominated compounds by the actions of anaerobic microbes [19] ). Additionally, adsorption on zerovalent iron also plays a role on the removal of TBBPA [20] .
of anaerobic microbes [19] ). Additionally, adsorption on zerovalent iron also plays a role on the removal of TBBPA [20] . The bromide ion concentrations increased from 0.9 to 2.1 mg/L without zerovalent iron and from 2.1 to 5.2 mg/L with zerovalent ion. Bromide ions were produced from TBBPA debromination. Debromination of TBBPA is likely a stepwise process with the sequential removal of bromine atoms. Based on this finding, we proposed the following biochemical pathway: TBBPA → → dibromobisphenol-A → → BPA. This observation is consistent with previous finding of the debromination of TBBPA in sediment [12] . The bromide ion concentrations were higher with zerovalent iron than without zerovalent iron.
The results also revealed that TBBPA anaerobic degradation rates in the spring sediment samples were higher than in the autumn sediment samples, and were higher in the Bali sediment samples than in the Guandu sediment samples. TBBPA anaerobic degradation rates were higher than aerobic degradation rates in the sediment. PCBs degradation are resistant to aerobic condition but degraded through dehalogenation under anaerobic environment [21] . The salinity at the Guandu and Bali sampling site in spring and autumn were different. Salinity may affect organic pollutant degradation in environment [22] . Additionally, the concentration of TBBPA was detected in the sediments of the two sampling sites. The adaptation process could enhance TBBPA degradation [8] . The TBBPA could be degraded without the MC or zerovalent iron.
To reveal the microbial community in anaerobic conditions, experimental samples using the Bali spring sediment samples were subjected to 16S rRNA gene sequencing. As shown in Figure 4A and 4B, the diversity of the bacterial community in anaerobic conditions fluctuated after addition of The bromide ion concentrations increased from 0.9 to 2.1 mg/L without zerovalent iron and from 2.1 to 5.2 mg/L with zerovalent ion. Bromide ions were produced from TBBPA debromination. Debromination of TBBPA is likely a stepwise process with the sequential removal of bromine atoms. Based on this finding, we proposed the following biochemical pathway: TBBPA → → dibromobisphenol-A → → BPA. This observation is consistent with previous finding of the debromination of TBBPA in sediment [12] . The bromide ion concentrations were higher with zerovalent iron than without zerovalent iron.
To reveal the microbial community in anaerobic conditions, experimental samples using the Bali spring sediment samples were subjected to 16S rRNA gene sequencing. As shown in Figure 4A ,B, the diversity of the bacterial community in anaerobic conditions fluctuated after addition of TBBPA. Moreover, the composition of microbial community varied as experiments with zerovalent iron proceeded (Fe2 and nFe2 in Figure 4C ). The Gammaproteobacteria and Deltaproteobacteria increased first in anaerobic TBBPA degradation experiments with zerovalent iron ( Figure 4D ). However, both the Alphaproteobacteria and Clostridia increased at the end of the experiments. These results indicated continuous changes in the microbial community during TBBPA anaerobic degradation with zerovalent iron. TBBPA. Moreover, the composition of microbial community varied as experiments with zerovalent iron proceeded (Fe2 and nFe2 in Figure 4C ). The Gammaproteobacteria and Deltaproteobacteria increased first in anaerobic TBBPA degradation experiments with zerovalent iron ( Figure 4D ). However, both the Alphaproteobacteria and Clostridia increased at the end of the experiments. These results indicated continuous changes in the microbial community during TBBPA anaerobic degradation with zerovalent iron. To get deeper insight into the differences in the microbial community between aerobic and anaerobic TBBPA degradation, the microbial community compositions of aerobic and anaerobic experiments were combined to perform a cluster analysis. As shown in Figure 5 , two groups of bacteria and archaea genera were identified. The first group represents the major microbial community of aerobic TBBPA degradation and could be further divided into two subgroups. Group I-1 was composed of eight bacterial genera (Brevundimonas, Escherichia/Shigella, Idiomarina, Methylobacillus, Methyloversatilis, Phycisphaera, Pseudomonas, Roseivirga) that were present in aerobic To get deeper insight into the differences in the microbial community between aerobic and anaerobic TBBPA degradation, the microbial community compositions of aerobic and anaerobic experiments were combined to perform a cluster analysis. As shown in Figure 5 , two groups of bacteria and archaea genera were identified. The first group represents the major microbial community of aerobic TBBPA degradation and could be further divided into two subgroups. Group I-1 was composed of eight bacterial genera (Brevundimonas, Escherichia/Shigella, Idiomarina, Methylobacillus, Methyloversatilis, Phycisphaera, Pseudomonas, Roseivirga) that were present in aerobic TBBPA degradation with the MC. Group I-2 was composed of nine bacterial genera (Altererythrobacter, Balneola, Erythrobacter, Halobacteriovorax, Halomonas, Hanstruepera, Muricauda, Rhodopirellula, Robiginitalea) that were decreased in the aerobic TBBPA degradation with the MC (Mc1 and Mc2) . The second group represents the major microbial community of anaerobic TBBPA degradation and could be further divided into three subgroups. Group II-1 was composed of 12 bacterial genera (Bowmanella, Gimesia, Marinobacter, Marinobacterium, Methylophaga, Motiliproteus, Nitrosomonas, Nitrospira, Oceanicola, Pelagibius, Saccharibacteria, Shinella) that were present in the initial stage of TBBPA anaerobic degradation with zerovalent iron. Group II-2 was composed of 17 bacterial and archaeal genera (Clostridium_ss, Desulfovibrio, Desulfuromonas, Hydrogenophaga, Maricaulis, Mariprofundus, Methanobacterium, Methanosarcina, Mycobacterium, Prolixibacter, Roseovarius, Sedimentibacter, Sideroxydans, Sulfurovum, Thiobacillus, Thioclava, Tissierella) that were present in the midst and late stages of TBBPA anaerobic degradation with zerovalent iron. Likewise, group II-3 was The second group represents the major microbial community of anaerobic TBBPA degradation and could be further divided into three subgroups. Group II-1 was composed of 12 bacterial genera (Bowmanella, Gimesia, Marinobacter, Marinobacterium, Methylophaga, Motiliproteus, Nitrosomonas, Nitrospira, Oceanicola, Pelagibius, Saccharibacteria, Shinella) that were present in the initial stage of TBBPA anaerobic degradation with zerovalent iron. Group II-2 was composed of 17 bacterial and archaeal genera (Clostridium_ss, Desulfovibrio, Desulfuromonas, Hydrogenophaga, Maricaulis, Mariprofundus, Methanobacterium, Methanosarcina, Mycobacterium, Prolixibacter, Roseovarius, Sedimentibacter, Sideroxydans, Sulfurovum, Thiobacillus, Thioclava, Tissierella) that were present in the midst and late stages of TBBPA anaerobic degradation with zerovalent iron. Likewise, group II-3 was composed of 11 bacterial and archaeal genera (Actibacter, Gp21, Gp23, Kangiella, Latescibacteria, Lutibacter, Methanothrix, Methyloceanibacter, Neptuniibacter, Truepera, Vibrio) that were present in the late stage of TBBPA anaerobic degradation without zerovalent iron. Among the microbial community, four bacterial genera (Desulfovibrio, Erythrobacter, Mycobacterium, Pseudomonas) were reported to be TBBPA degrading bacteria [23] [24] [25] [26] .
TBBPA Degradation in the Continuous Addition Experiments
The TBBPA degradation in the continuous experiments under aerobic or anaerobic conditions are illustrated in Figure 6 . In aerobic conditions, after the first addition of TBBPA at d 0, TBBPA decreased to ND with the MC and degraded 96.1% without the MC at 63 ( Figure 6A Anaerobic TBBPA degradation rates were enhanced by addition of zerovalent iron in sediments. This result is consistent with the anaerobic BDE-209 degradation with zerovalent iron in the sediment [27] . The aerobic TBBPA degradation was enhanced by addition of the MC in sediments. The degradation rate increased with each successive TBBPA addition. A second and third addition may increase microorganisms with TBBPA-degrading activity. This result was similar to investigate dibromodiphenyl ether degradation in sediments [28] . Various sampling sites, seasons and treatments could affect bacterial communities, and thus affect degradation of TBBPA in the sediments.
First of all, the differences between aerobic TBBPA degradation with and without the MC is shown in Figure 7A . The diversity (number of microbial genera) decreased and the composition of microbial genera changed after addition of TBBPA with and without the MC. This result consistent with the finding from the batch experiments (Figure 1 ). Four bacterial genera (Bacillus, Erythrobacter, Pseudomonas, Rhodococcus) identified in aerobic TBBPA degradation with the MC were found to be TBBPA-degrading bacteria [13, 25, 26] . Secondly, the differences between TBBPA anaerobic degradation with and without zerovalent iron is shown in Figure 7B . The diversity (number of microbial genera) of anaerobic re-addition experiments with zerovalent iron was greater than it without zerovalent iron. Nine methanogens were identified in the re-addition experiments with zerovalent iron. It has been reported that TBBPA degradation was enhanced under anaerobic methanogenic conditions [8] . These results provide strong evidence that the methanogens might be involved in TBBPA degradation in this study. Moreover, four bacterial genera (Desulfovibrio, Sphaerochaeta, Sphingomonas, Pseudomonas) identified from anaerobic TBBPA degradation with zerovalent iron were found to be TBBPA-degrading bacteria [24, 25, 29, 30] . Thirdly, the differences between TBBPA aerobic degradation with the MC and anaerobic degradation with zerovalent iron is shown in Figure 7C . This Venn diagram clearly illustrates that two different microbial communities were developed from the same source of the Bali sediment samples under aerobic conditions with the MC and anaerobic conditions with zerovalent iron. First of all, the differences between aerobic TBBPA degradation with and without the MC is shown in Figure 7A . The diversity (number of microbial genera) decreased and the composition of microbial genera changed after addition of TBBPA with and without the MC. This result consistent with the finding from the batch experiments (Figure 1 ). Four bacterial genera (Bacillus, .Erythrobacter, Pseudomonas, Rhodococcus) identified in aerobic TBBPA degradation with the MC were found to be TBBPA-degrading bacteria [13, 25, 26] . Secondly, the differences between TBBPA anaerobic degradation with and without zerovalent iron is shown in Figure 7B . The diversity (number of microbial genera) of anaerobic re-addition experiments with zerovalent iron was greater than it without zerovalent iron. Nine methanogens were identified in the re-addition experiments with zerovalent iron. It has been reported that TBBPA degradation was enhanced under anaerobic methanogenic conditions [8] . These results provide strong evidence that the methanogens might be involved in TBBPA degradation in this study. Moreover, four bacterial genera (Desulfovibrio, Sphaerochaeta, Sphingomonas, Pseudomonas) identified from anaerobic TBBPA degradation with zerovalent iron were found to be TBBPA-degrading bacteria [24, 25, 29, 30] . Thirdly, the differences between TBBPA aerobic degradation with the MC and anaerobic degradation with zerovalent iron is 
Conclusions
This study revealed methods using microbial degradation of TBBPA as major processes for decontamination of the mangrove sediments. TBBPA degradation was enhanced with MC and zerovalent iron under aerobic and anaerobic conditions in mangrove sediments, respectively. Various sampling sites, seasons, and treatments could affect bacterial communities, and thus affect the TBBPA degradation efficiency in the mangrove sediments. Four bacterial genera (Bacillus, Erythrobacter, Pseudomonas, Rhodococcus) were the major bacterial communities involved in TBBPA aerobic degradation in the sediments. Another four bacterial genera (Desulfovibrio, Pseudomonas, Sphaerochaeta, Sphingomonas) were the major bacterial communities involved in TBBPA anaerobic degradation in the sediments. This study provides two feasible methods (addition of fungi enzymes in aerobic condition and addition of zerovalent iron in anaerobic condition) for the TBBPA bioremediation of mangrove sediments. Funding: This research received no external funding.
